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The olfactory receptor (OR)–gene superfamily is the largest in the mammalian genome. Several of the human OR
genes appear in clusters with 10 members located on almost all human chromosomes, and some chromosomes
contain more than one cluster. We demonstrate, by experimental and in silico data, that unequal crossovers between
two OR gene clusters in 8p are responsible for the formation of three recurrent chromosome macrorearrangements
and a submicroscopic inversion polymorphism. The first two macrorearrangements are the inverted duplication of
8p, inv dup(8p), which is associated with a distinct phenotype, and a supernumerary marker chromosome,
+der(8)(8p23.1pter), which is also a recurrent rearrangement and is associated with minor anomalies. We dem-
onstrate that it is the reciprocal of the inv dup(8p). The third macrorearrangment is a recurrent 8p23 interstitial
deletion associated with heart defect. Since inv dup(8p)s originate consistently in maternal meiosis, we investigated
the maternal chromosomes 8 in eight mothers of subjects with inv dup(8p) and in the mother of one subject with
+der(8), by means of probes included between the two 8p-OR gene clusters. All the mothers were heterozygous
for an 8p submicroscopic inversion that was delimited by the 8p-OR gene clusters and was present, in heterozygous
state, in 26% of a population of European descent. Thus, inversion heterozygosity may cause susceptibility to
unequal recombination, leading to the formation of the inv dup(8p) or to its reciprocal product, the +der(8p). After
the Yp inversion polymorphism, which is the preferential background for the PRKX/PRKY translocation in XX
males and XY females, the OR-8p inversion is the second genomic polymorphism that confers susceptibility to the
formation of common chromosome rearrangements. Accordingly, it may be possible to develop a profile of the
individual risk of having progeny with chromosome rearrangements.
Introduction
In recent years, several studies (reviewed by Lupski
[1998] and Ji et al. [2000]) have shown that repeated
sequences, located on the same chromosome at a dis-
tance of a few megabases (Mb), predispose to homol-
ogous unequal recombination, leading both to chro-
mosome microrearrangements (deletions, duplications,
and inversions) and to supernumerary inverted dupli-
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cation chromosomes, such as inv dup(15) and inv
dup(22). It seems likely that several chromosome rear-
rangements are mediated by the same mechanisms. Re-
peated sequences located on the same chromosome
could be responsible for pericentric or paracentric in-
versions (according to their location on different chro-
mosome arms or on the same arm) or for more-complex
rearrangements, depending on the number of crossovers
occurring between the two duplicons (Small et al. 1997).
Similarly, repeats located on different chromosomes
could be responsible for translocations, as has been dem-
onstrated for the constitutional 11q23;22q11 translo-
cation (Kurahashi et al. 2000a, 2000b). We demonstrate
that the olfactory receptor (OR) gene clusters, the largest
superfamily in the mammalian genome (Mombaerts
1999), are the substrate for the formation of intrach-
romosomal rearrangements involving chromosome 8p.
Different rearrangements, most of them recurring, are
associated with the distal 8p region. Among them, inv
dup(8p) (Floridia et al. 1996), del(8p22) (Devriendt et
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al. 1999; Pehlivan et al. 1999; Giglio et al. 2000), and
small marker chromosomes der(8)(p23-pter) (Ohashi et
al. 1994; Neumann et al. 1999).
Four years ago, we postulated (Floridia et al. 1996)
that repeated inverted sequences at the constant break-
points of inv dup(8p)s were responsible for the rear-
rangement’s formation. Thus, we decided to search for
these sequences by cloning the breakpoints and investi-
gating whether any correlation exists between them and
the breakpoints of the other common 8p rearrangements.
Material and Methods
Rearrangements
A brief description of the three chromosome rear-
rangements we studied is given below, using data already
reported in the literature.
inv dup(8p).—The abnormal chromosome 8 has an
elongated short arm that appears duplicated. Floridia et
al. (1996) demonstrated, by FISH and microsatellite
analysis, that a 10-cM distal deletion is always associ-
ated with the duplications and that two regions consis-
tently are the same size: the deleted region and the ∼5
cM single-copy region between the two duplicated
regions. The duplication is of variable size in different
abnormal chromosomes. The finding that some chro-
mosomes are dicentric, with a second inactive centro-
mere at the tip of the inv dup(8p), indicated that the
formation of the new chromosome required two events:
(1) the formation of a dicentric chromosome 8qter-cen-
8p::8p-cen-8qter, and (2) its breakage at anaphase, with
the breakpoint either at the level of the second centro-
mere or more proximally along the short arm. The pres-
ence of a single-copy region between the two regions of
duplication indicates that the breakpoints in 8p are not
symmetric. The rearrangement consistently originates in
maternal meiosis and has an estimated frequency of 1/
10–1/15,000. The phenotype of patients with inv
dup(8p) has been extensively delineated (Feldman et al.
1993; Die Smulders et al. 1995; Guo et al. 1995) and
is characterized by facial dysmorphism, agenesis/hypo-
plasia of the corpus callosum, and severe mental
retardation.
der(8)(pter-p23.1::p23.2-pter).—Four patients with
such a supernumerary marker chromosome have been
reported (Ohashi et al. 1994; Neumann et al. 1999; L.
Voullaire, unpublished data). In one patient, it was pre-
sent in all PHA-stimulated PBL cells; in the other pa-
tients, it was present in mosaicism. All of them lacked
alphoid sequences and had a neocentromere (Tyler-
Smith and Floridia 2000). Molecular analysis demon-
strated that they contained the distal 8p region in du-
plication. The paucity of such patients, the young age
of one of them, and the mosaicism in the others prevent
any phenotype/karyotype correlation. That only four pa-
tients with der(8)(pter-p23.1::p23.2-pter) have been re-
ported does not exclude the possibility that this super-
numerary marker is more frequent. In fact, molecular
definition of supernumerary marker chromosomes has
been attempted only in recent years. Moreover some
markers have been defined by whole-chromosome paint-
ing and not by specific probes (Rothenmund et al. 1997),
and thus the portion of chromosome 8 that is present
has not been defined.
del(8)(p23.1p23.2).—At least eight patients with distal
8p interstitial deletion have been reported (Devriendt et
al. 1999; Pehlivan et al. 1999; Giglio et al. 2000). Al-
though different cytogenetic breakpoints were reported
in the different studies, molecular investigation has in-
dicated that they have identical breakpoints, thus sug-
gesting that the rearrangement is recurrent. Devriendt et
al. (1999) described five identical chromosomes (2–6) as
delineated by FISH and microsatellite analysis. The same
molecular breakpoints have been reported in patient 8
in Giglio et al. (2000). In patients 1 and 3 in Pehlivan
et al. (1999), no molecular definition of the breakpoints
was presented, but both patients had haploinsufficiency
for GATA4, which is included in the deletion region of
Devriendt et al. (1999) and Giglio et al. (2000). The
finding that all cases of 8p interstitial deletions have been
published only in recent years and that their definition
relies on fluorescence in situ hybridization (FISH) anal-
ysis, suggests that some “terminal” 8p deletions had
been previously misinterpreted. This, in fact, was true
in one of our patients (patient 8 in Giglio et al. 2000).
The patients’ phenotype is characterized by heart de-
fects—including atrioventricular canal, valvar pulmo-
nary stenosis, and tetralogy of Fallot—and by mild men-
tal retardation and behavioral problems.
General Procedure
The rearrangement breakpoints were refined at the
YAC level by FISH analysis using CEPH mega-YACs
obtained from the YAC Screening Center at DIBIT,
Milan. Primers for critical STSs (sequence-tagged sites)
were used in PCR experiments to identify corresponding
PACs/BACs from libraries FBAC-4434 from
GenomeSystemInc and RPCI-11 from Children’s Hos-
pital Oakland Research Institute. These were tested by
FISH experiments on control slides to verify probe lo-
cation and status (deleted, duplicated, or single copy)
on the inv dup(8p)s, the der(8)s, and the del(8p), using
the normal homolog as an internal control. BAC end
sequencing was performed to build the breakpoint
contigs.
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FISH Analysis
FISH analysis was performed on metaphase chro-
mosomes from peripheral blood and/or lymphoblastoid
cell lines from control patients, ten inv dup(8p) patients
(patients 1–6, 12–14, and 16 in Floridia et al. 1996),
two der(8)(pter-p23.1::p23.2-pter) patients (Ohashi et
al. 1994; Neumann et al. 1999) and a single del(8p)
patient (patient 8 in Giglio et al. 2000). Probe and slide
preparation, DNA hybridization, and analysis were per-
formed using conventional methods. At least 20 cells
were analyzed by direct microscopic visualization and
digital-imaging analysis. Dual-color FISH was per-
formed for interphase FISH experiments to verify if some
closely located clones were duplicated both in normal
chromosomes 8 and in the inv dup(8p)s. Since all the
inv dup(8p)s are deleted for the distal 10 cM, the distal
breakpoint was identified by the first probe that was not
deleted. The proximal breakpoint was identified by the
first probe that showed duplication in the inv dup(8p).
Since the duplication regions are separated by an ∼5-
cM single-copy region, probes around the proximal
breakpoint were tested not only in metaphase FISH but
also in interphase FISH, using a second probe as a con-
trol. With this strategy, we were able to identify as du-
plicated those probes that could have given a single
joined signal in metaphase because of their closeness.
The same strategy was used to identify the structure of
the der(8), which we suspected to be the reciprocal of
the inv dup(8p). Its proximal breakpoint was defined as
being between the last clone present and the first clone
absent. In the del(8p), the distal breakpoint was iden-
tified as the first clone deleted by FISH and the proximal
breakpoint as the first not deleted.
FISH analysis was also used for the study of the in-
version in mothers of inv dup(8p) patients, in the mother
of the der(8p) patient reported by Neumann et al. (1999)
and in 72 control subjects of European descent. To this
end, FISH was done with GS173o4 (D8S351) and
GS257o3 (D8S1130), both of which lie inside the in-
verted region, and RP11563o19 (D8S1733), ∼24 cM
proximal to the inverted region.
Clone Isolation by PCR Screening
PCR screening was performed using STSs developed
from critical YACs and primers obtained from T7 and
SP6 BAC end sequencing. The software package Primer
3 was use to create primers from the sequence infor-
mation. Standard PCR conditions (35 cycles of 94C for
30 s, annealing temperature 55C or 57C for 30 s, and
72C for 30 s) were used. Primer pairs were tested and
optimized on a monochromosomal hybrid containing
chromosome 8, on genomic DNAs from human male
and female control subjects, and on genomic DNA from
mice and hamsters. The content of clones showing OR
gene cluster FISH signals was verified through PCR with
degenerate OR primers, as described by Trask et al.
(1998). Confirmation of FISH assignment of clones to
the distal repeat (REPD) or the proximal repeat (REPP)
was made by colony PCR using STS and BAC end se-
quence primers.
BAC End Sequencing
BAC DNA was isolated using an automated nucleic
acid system (AutoGen 740, Integrated Separation Sys-
tem) or with QIAGEN plasmid Midi kit and purified
with Microcon 100 columns (Amicon). One microgram
of BAC DNA and 40 pmol of T7 and SP6 primers were
used for sequencing with the ABI PRISM big-dye Ter-
minator Cycle Sequencing Ready Reaction Kit (PE Ap-
plied Biosystems). The sequences of the T7 and SP6
primers and the sequencing reaction time have been re-
ported elsewhere (Matsumoto et al. 1997). Sequence
analysis was completed on an ABI 377 automated DNA
sequencer.
Pulse Field Gel Electrophoresis (PFGE) analysis
Clone DNA was digested with NotI. High–molecular
weight DNAwas isolated by incubation of agarose plugs
from inv dup(8p)s, del(8p), and control lymphoblastoid
cell lines (Sambrook et al. 1989). Plugs were then in-
cubated with NotI. Digestion products were size frac-
tionated on a 1% agarose gel. For a resolution program
of 10 kb–1.5 Mb, the following conditions were used
(two blocks): 90 s pulse time, 6 V/cm, 8 h.
Contig Construction
Clone sizing.—Each clone DNA was completely di-
gested withNotI and was put in low-melting 1%agarose
and electrophoresed by PFGE with use of a CHEF gel
apparatus (Biorad). For a resolution program of 5–300
kb, the following conditions were used: 0.2–26.3 s pulse
time, 6 V/cm, 12 h.
Restriction mapping.—To define the size of overlap
between clones, restriction mapping was performed.
BACs and PACs were partially digested withEcoRI,PstI,
and HindIII and were electrophoresed on 0.8% agarose
gels at 9V/cm for 5 h.
Bioinformatics.—We conducted database searches
through BLAST, using sequenced regions (STSs and
cloned BAC ends), and we extended and completed the
contigs through NIX. The distal (8p23.1) and the prox-
imal (8p23.2) contig share several sequences; the pres-
ence of the specific STS we used in the first screening
allowed us to anchor unambiguously the clones to either
contig, whereas some BAC end sequences containingOR
gene clusters matched both contigs.
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Microsatellite Analysis
The consistent maternal origin of inv dup(8p) was
previously demonstrated by Floridia et al. (1996).
Among the other rearrangements, we could only study
the parental origin of the rearrangement in the patient
with der(8p) reported by Neumann et al. (1999). DNA
was extracted from lymphoblastoid cell lines of the pro-
band and his parents. For polymorphic loci D8S277 and
D8S1819, belonging to the distal 10-cM 8p region that
is duplicated in the proband, locus information and
primer sequences are available from the Genome Da-
tabase. For all amplimers, unlabeled reverse primers
were purchased from Life Technologies, and forward
primers, labeled with 5-FAM, Hex, or Tet dyes, were
obtained from MWG Biotech. PCRs were performed
using standard protocols (PE Applied Biosystems). Sam-
ples were analyzed on an ABI PRISM310 Genetic An-
alyzer (PE Applied Biosystems). The sizes of the alleles
and the areas of the peaks were calculated with
GeneScan 3.1 (PE Applied Biosystems). Statistical anal-
ysis was performed with SPSS 4.0. To assess whether
duplication had occurred at any given locus, a quanti-
tative analysis was performed. DNAs were amplified,
and samples were collected at several points, depending
on the kinetics of amplification of each amplimer. The
area of each allelic peak (a measure of the amount of
amplified material) and the ratio ( ) between theRA1/A2
areas of the shortest (A1) and the longest (A2) allele
were calculated. Analysis of samples at multiple points
during amplification helped to minimize PCR artifacts
and gave additional information about the kinetics of
amplification at each locus.
Results
Comparison between experimental data in 10 inv
dup(8p) patients and in silico data, allowed us to build
the two breakpoint contigs, as shown in figure 1. All
probes at and around the breakpoints (REPD and REPP
in fig. 1) gave a consistent pattern of FISH signals not
only on chromosome 8 but also on several other chro-
mosomes and mimicked that of the OR gene clusters
(Trask et al. 1998). Sequencing and in silico studies dem-
onstrated that REP probes have high sequence homol-
ogy. Although all STSs recognizing REPP clones did not
recognize the REPD ones, and vice versa (in colony PCR
experiments), the two REPs share a 95%–97% degree
of homology, as demonstrated by in silico data and by
the finding that end primers from some REPD clones
recognized clones belonging to REPP.
On normal chromosomes 8, these probes identified
two repeats (REPD: distal repeat; REPP: proximal re-
peat) of ∼400 kb each. Each of the REP probes gave
two sets of signals, at 8p23.1 and 8p23.2, that were
identifiable in prometaphase and interphase, whereas,
in metaphase, a single, very large signal was usually seen
(figs. 2a, 2b). The inv dup(8p)s showed a single set of
signals, clearly smaller with probes GS42i21 and
GS214h7, the first clones not deleted, which should thus
encompass the distal breakpoint (figs. 2a, 2b). The prox-
imal breakpoint should be within GS38o7, the first
clone that shows a duplicated signal (data not shown).
Molecular definition of the der(8p) patients, dem-
onstrated that the marker is the reciprocal of the inv
dup(8p). In fact, clones in red (fig. 1), which are deleted
in the inv dup(8p), appeared duplicated in the der(8p),
OR probes GS42i21 and GS214h7 gave clearly bigger
signals (fig. 2c) and GS38o7 was the last probe present.
All probes included between the two REPs, from
GS173o4 to GS257o3 (fig. 1), showed single-copy sig-
nals. The structure of the marker was clearly demon-
strated by two-color FISH with GS77p24 (D8S1695,
D8S265) in single copy and GS143G5 (D8S1819) du-
plicated (square, fig. 2c). Microsatellite analyses of one
of the der(8p) patients and of his parents demonstrated
the maternal origin of the marker (data not shown).
Since inv dup(8p)s consistently originate in maternal
meiosis (Floridia et al. 1996), and since the single
der(8) we could investigate also was of maternal or-
igin, we studied the critical 8p region in eight inv
dup(8p)mothers and in the der(8p) mother. We found
that in their metaphase chromosomes the FISH signals
for GS173o4 and GS257o3, that delimit the region be-
tween REPD and REPP, were inverted in one homolog
in all mothers (fig. 3). The same submicroscopic inver-
sion was found in a heterozygous state in 19 (26%) of
72 normal control subjects of European descent. Initial
evidence for a submicroscopic inversion polymorphism
in 8p came from examination of meiotic product in the
CEPH reference families (K.W.B. and J.L.W., unpub-
lished observation).
We also mapped the breakpoint of the interstitial
del(8p) patient, predicting that the same 8p-REPs me-
diating the inv dup(8p) and the der(8p) might well me-
diate this deletion. In fact, all probes included between
the two REPs, from GS173o4 to GS257o3 (fig. 1), were
deleted by FISH in the del(8p) whereas GS110p23 was
present. Thus GS257o3 and GS110p23 flank the prox-
imal breakpoint. The distal breakpoint should be within
GS42i21 and GS214h7 which shows smaller and single
FISH signals in the del(8p) (fig. 2d). Probes distal to
REPD (GS143g5 and GS29g18) and proximal to REPP
(RP11-813l8 and CIT-HSP2244f17) were not deleted.
Discussion
These results demonstrate that homologous recombi-
nation between the two 8p-REPs is responsible for four
chromosome rearrangements. Although exact break-
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Figure 2 a and b, FISH with GS214h7 (a) and GS42i21 (b) in a prometaphase and a metaphase, respectively, from an inv dup(8p) subject.
The two clones show a double set of signals (a) and a large signal (b) on the normal chromosome 8 (arrows) and a single smaller signal on
the inv dup(8p)s (arrowheads). These BACs, which partially overlap and lie at the distal edge of REPD, also hybridize to other chromosomes
(identified with numbers) containing OR gene clusters. c, FISH with GS42i21 in a metaphase from a subject with der(8p). The signal pattern
is the same as in a and b; the der(8p) shows very large signals. Box, cut-out of chromosomes 8 and der(8p), showing duplication of the
red region of the contig in figure 1 (GS143g5) and monosomy of the contig’s blue region (GS77p24). d, FISH in a metaphase from the del(8p)
subject with GS42i21 (green) and GS143g5 (red), the latter mapping distal to the two REPs. In the del(8p) (arrowhead), the green signal of
the OR gene cluster is single and small, whereas, in the normal 8 (arrow), it is double and big. This FISH pattern is visible both in metaphase
and interphase nuclei.
point definition has not been determined, because of high
sequence homology of the two REPs, the inv dup(8p),
der(8p), and inv(8p) breakpoints should fall at the red/
blue and blue/brown contig clones (fig. 1), so that the
two recombinant OR clusters are almost eliminated in
the inv dup(8p) (fig. 4a), whereas both of them are pre-
sent in the der(8p) (fig. 4b). In the del(8p), the distal
breakpoint coincides with that of the inv dup(8p) and
der(8p), whereas the proximal breakpoint falls at
D8S1130. Accordingly, REPD is almost completely elim-
inated by the deletion. Experimental and in silico data
demonstrated that the two REPs contain a repeat unit
formed by MYO–ORs-ANG2 (fig. 1), flanked and em-
bedded among repeats belonging mainly to the long in-
terspersed nuclear element (LINE) and short interspersed
nuclear element (SINE) families and to other DNA se-
quences. Both the repeat unit and the other sequences
are common to several OR gene clusters (Brand-Arpon
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Figure 3 Metaphase from the mother of a subject with inv dup(8p), showing the normal (arrow) and the inverted (arrowhead) chromosomes
8 (magnified in the box). FISH was done with GS173o4 (red, D8S351), GS257o3 (green, D8S1130), both inside the inverted region (see fig.
1), and RP11-563o19 (yellow, D8S1733), ∼24 cM proximal to the inverted region.
et al. 1999; Glusman et al. 2000; S.G. and V.C., un-
published observation). Although all the rearrangement
breakpoints fall inside the two 8p-REPs, they seem to
fall outside the repeat unit.
Several recurrent chromosomal changes such as de-
letions, duplications or inversions, are due to unequal
homologous recombination at meiosis between region-
specific low-copy repeats (duplicons) flanking the re-
arranged region (Lupski et al. 1998; Ji et al. 2000).
These duplicons are comprised of genes, pseudogenes,
and gene fragments as in the OR clusters (Brand-Arpon
et al. 1999; Glusman et al. 2000). The type of rear-
rangement is predominantly defined by the orientation
of recombining duplicons and the number of crossovers
(Small et al. 1997; Lupski et al. 1998; Ji et al. 2000).
Deletions and reciprocal duplications result from mis-
alignment of direct repeats and a single crossover be-
tween the distal and the proximal repeat. Inversions
result through mispairing of inverted repeats and a dou-
ble recombination event between them (Small et al.
1997; Saunier et al. 2000). In fact, a single crossover
would produce a dicentric and an acentric product
(Small et al. 1997).
8p-REPs mediate a deleted chromosome, two in-
verted duplicated chromosomes—the inv dup(8p) and
the der(8p), the first of which originates as a dicentric
(Floridia et al. 1996; see also fig. 3a)—and a submicro-
scopic inversion. Thus, recombining sequences may lie
in both orientations, at least in one cluster. Such a sit-
uation has been reported at the NPHP1 locus in 2q13
(Saunier et al. 2000), in which the NPHP1 deletion is
mediated by direct repeats and the benign inversion is
mediated by inverted repeats, respectively flanking and
including the two direct repeats. In theOR gene clusters,
a unidirectional organization has been found in the
3p13 cluster (Brand-Arpon et al. 1999) and a complex
bidirectional one on 17p (Glusman et al. 2000) with
OR genes oriented cenrtel, interspersed with genes ori-
ented telrcen. We found that both 8p-REPs have a uni-
directional organization largely overlapping that of the
3p13 cluster (Brand-Arpon et al. 1999) and of other
OR clusters (S.G. and V.C., unpublished observation).
Consistent data demonstrate that the REPD order is tel-
ANG2-MYO–ORs-ANG2-cen, whereas the inconsis-
tent Genome Database information concerning the
proximal region prevented determination of whether
the orientation of REPP is tel-MYO-ORs-ANG2-cen or
vice versa. The orientation of the other LINE and SINE
repeats also is unknown. Thus, at the moment, no ob-
vious explanation can be offered for the formation of
rearrangements requiring both repeats with the same
orientation and repeats with opposite orientation.
The finding that inv dup(8p) and der(8p) mothers are
heterozygous for a benign inversion polymorphism in-
dicates that, at pachytene, asynapsis at the inverted re-
gion promotes the refolding of one chromosome onto
itself, favoring the formation of the inv dup(8p) and the
der(8p) (fig. 4). After the Yp inversion that predisposes
Figure 4 Ideogram showing the mechanism of origin of the inv dup(8p) and of the der(8p) at pachytene. Only the short arm of
chromosome 8 is shown. a, At the first meiotic division (MI), the two maternal homologous chromosomes 8 (blue and black) undergo canonic
recombination along the synapsed portion (in all informative inv dup(8p)s, part of the duplication region contains both maternal alleles [Floridia
et al. 1996]). The region delimited by the two REPs (boxes) is inverted in the blue chromosome. Presence of heterozygous inversion leads to
homologous synapsis interruption and to the refolding of the black chromosome, allowing intrachromatid synapsis and ectopic recombination
between the two REPs (recombination is indicated by arrowheads). Red and green arrows show the orientation of the sequences inside each
REP. As can be seen in fig. 1, two angiotensin II genes with the same orientation telrcen, are present at the proximal and the distal portion
of REPD. The orientation of REPP is hypothetical. Since a single FISH signal is visible in the inv dup(8p) with probes related to the OR gene
clusters (see text), ectopic recombination should take place between the proximal portions of REPP and the distal one of REPD, thus leading
to a very small OR cluster in the recombinant chromosome (hatched line). At MII, the recombinant chromosome (middle) shows a normal size
gray OR cluster and a very small white/gray cluster. At anaphase II (right), when the centromere divides, the two chromatids, linked together,
can join the opposite poles, provided that a breakage between the two centromeres occurs. If the breakage occurs at the level of one of the
yellow lines, an inv dup(8p) is formed whose duplication size is determined by the position of this breakage. b, The same mechanism that
produces the inv dup(8p) is responsible for the supernumerary der(8p) formation. The type of recombination is shown by arrowheads. The
other chromosome 8 (blue) presumably undergo canonic recombination in the portion proximal to the inversion. This chromosome and the
der(8p) segregate together in the oocyte. After anaphase II, the egg will contain a normal chromatid 8 and the der(8p). Formation of a
neocentromere in the der(8p) will assure its preservation.
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to translocations producing XX males and XY females
(Jobling et al. 1998), this is the second polymorphism
giving susceptibility to chromosome rearrangements.
Two observations suggest that heterozygous females
have only a low risk of having children with inv
dup(8p): (1) heterozygotes are common in the popu-
lation, whereas the rearrangement is rare; and (2) none
of the 150 subjects reported to date with inv dup(8p)
have sibs with the same rearrangement.
Since human OR gene clusters are located on almost
all human chromosomes and some chromosomes con-
tain more than one cluster (Trask et al. 1998; Mom-
baerts 1999), the role of OR gene clusters in mediating
chromosomes abnormalities is likely not limited to the
four 8p rearrangements. Perhaps the most striking co-
incidence is that with the t(4p;8p)(p15;p22) breakpoints
(Wieczorek et al. 2000). In fact, analysis of four unre-
lated patients with this chromosome abnormality
showed preliminary evidence that the translocation is
indeed mediated by OR gene clusters (S.G., unpublished
data).
In conclusion, our data demonstrate not only the in-
volvement of OR gene clusters in mediating common
chromosome rearrangements, but also the fact that at
least some of the recurrent rearrangements are due to
specific genomic polymorphisms, thus indicating the
possibility of developing a profile of the individual risk
of having progeny with chromosome rearrangements.
Acknowledgments
S.G. and O.Z. are grateful to M. Fraccaro for helpful dis-
cussion. This work was supported by grant ICS.1,1/RF98/81
from the Italian Health Ministry. D.L. has been supported by
grant 116/98, IRCCS Policlinico San Matteo, Pavia. S.G. and
O.Z have been supported also by cofin98-MURST. V.C. is
supported by a Telethon fellowship. Part of the cell lines have
been stored thanks to Telethon project C.18.
Electronic-Database Information
Accession numbers and URLs for data in this article are as
follows:
BLAST, http://www.ncbi.nlm.nih.gov/BLAST/
Center for Genome Research, STS-Based Map of the Hu-
man Genome, http://carbon.wi.mit.edu:8000/cgi-bin/contig/
phys_map
Center for Medical Genetics, Marshfield Medical Research
Foundation, http://research.marshfieldclinic.org/genetics/
Genome Database, http://gdbwww.gdb.org/ (for locus infor-
mation and primer sequences)
NIX-Identity Unk nown Nucleic Sequence, http://www.hgmp
.mrc.ac.uk/Registered/Webapp/nix/
Primer 3 Input, http://www.genome.wi.mit.edu/cgi-bin/primer/
primer3_www.cgi (for Primer 3 software)
YAC Screening Center, DIBIT, Milan, http://www.spr.it/iger/
home.html (for CEPH mega-YACs)
References
Brand-Arpon V, Rouquier S, Massa H, de Jong PJ, Ferraz C,
Ioannou PA, Demaille JG, Trask BJ, Giorgi D (1999) A
genomic region encompassing a cluster of olfactory receptor
genes and a myosin light chain kinase (MYLK) gene is du-
plicated on human chromosome regions 3q13-q21 and
3p13. Genomics 56:98–110
de Die-Smulders CE, Engelen JJ, Schrander-Stumpel CT, Go-
vaerts LC, de Vries B, Vles JS, Wagemans A, Schijns-Fleuren
S, Gillessen-Kaesbach G, Fryns JP (1995) Inversion dupli-
cation of the short arm of chromosome 8: clinical data on
seven patients and review of the literature. Am J Med Genet
59:369–374
Devriendt K, Matthijs G, Van Dael R, Gewillig M, Eyskens
B, Hjalgrim H, Dolmer B, McGaughran J, Brondum-Nielsen
K, Marynen P, Fryns JP, Vermeesch JR (1999) Delineation
of the critical deletion region for congenital heart defects,
on chromosome 8p23.1. Am J Hum Genet 64:1119–1126
Feldman GL, Weiss L, Phelan MC, Schroer RJ, Van Dyke DL
(1993) Inverted duplication of 8p: ten new patients and re-
view of the literature. Am J Med Genet 47:482–486
Floridia G, Piantanida M, Minelli A, Dellavecchia C, Bonaglia
C, Rossi E, Gimelli G, Croci G, Franchi F, Gilgenkrantz S,
Grammatico P, Dalpra L, Wood S, Danesino C, Zuffardi O
(1996) The same molecular mechanism at the maternal mei-
osis I produces mono and dicentric 8p duplications. Am J
Hum Genet 58:785–796
Giglio S, Graw SL, Gimelli G, Pirola B, Varone P, Voullaire
L, Lerzo F, Rossi E, Dellavecchia C, Bonaglia MC, Digilio
MC, Giannotti A, Marino B, Carrozzo R, Korenberg JR,
Danesino C, Sujansky E, Dallapiccola B, Zuffardi O (2000)
Deletion of a 5-cM region at chromosome 8p23 is associated
with a spectrum of congenital heart defects. Circulation 102:
432–437
Glusman G, Sosinski A, Ben-Asher E, Avidan N, Sonkn D,
Bahar A, Clifton S, Roe B, Ferraz C, Demaille J, Lancet D
(2000) Sequence, structure, and evolution of a complete hu-
man olfactory receptor gene cluster. Genomics 63:227–245
Guo WJ, Callif-Daley F, Zapata MC, Miller ME (1995) Clin-
ical and cytogenetic findings in seven cases of inverted du-
plication of 8p with evidence of a telomeric deletion using
fluorescence in situ hybridization. Am J Med Genet 58:
230–236
Ji Y, Eichler EE, Schwartz S, Nicholls RD (2000) Structure of
chromosomal duplicons and their role in mediating human
genomic disorders. Genome Res 10:597–610
Jobling MA, Williams K, Schiebtel A, Pandya A, McElreavey
K, Salas L, Rappold GA, Affara NA, Tyler-Smith C (1998)
A selective difference between Y-chromosomal DNA hap-
lotypes. Curr Biol 8:1391–1394
Kurahashi H, Shaikh TH, Hu P, Roe BA, Emanuel BS, Budarf
ML (2000a) Regions of genomic instability on 22q11 and
11q23 as the etiology for the recurrent constitutional
t(11;22). Hum Mol Genet 9:1665–1670
Kurahashi H, Shaikh TH, Zackai EH, Celle L, Driscoll DA,
Giglio et al.: OR Clusters and Chromosome Anomalies 883
Budarf ML, Emanuel BS (2000b) Tightly clustered 11q23
and 22q11 breakpoints permit PCR-based detection of the
recurrent constitutional t(11;22). Am J Hum Genet 67:
763–768
Lupski JR (1998) Genomic disorders: structural features of the
genome can lead to DNA rearrangements and human disease
traits. Trends Genet 14:417–422
Matsumoto N, Soeda E, Ohashi H, Fujimoto M, Kato R, Tsu-
jita T, Tomita H, Kondo S, Fukushima Y, Niikawa N (1997)
A 1.2-megabase BAC/PAC contig spanning the 14q13 break-
point of t(2; 14) in a mirror-image polydactyly patient. Gen-
omics 45:11–16
Mombaerts P (1999) Odorant receptor genes in humans. Curr
Opin Genet Dev 9:315–320
Neumann T, Exeler R, Wittwer B, Muller-Navia J, Schrors E,
Kennerknecht I, Horst J (1999) A small supernumerary
acentric marker chromosome 8 in a 23 year old slightly
dysmorphic patient without mental retardation. Cytogenet
Cell Genet 85:158
Ohashi H, Wakui K, Ogawa K, Okano T, Niikawa N, Fu-
kushima Y (1994) A stable acentric marker chromosome:
possible existence of an intercalary ancient centromere at
distal 8p. Am J Hum Genet 55: 1202–1208
Pehlivan T, Pober BR, Brueckner M, Garrett S, Slaugh R, Van
Rheeden R, Wilson DB, et al. (1999) GATA4 haploinsuffi-
ciency in patients with interstitial deletion of chromosome
region 8p23.1 and congenital heart disease. Am JMedGenet
83:201–206
Rothenmund H, Chudley AE, Dawson AJ (1997) Familial
transmission of a small supernumerary marker chromosome
8 identified by FISH: an update. Am J Med Genet 72:
339–342
Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning:
a laboratory manual, 2d ed. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY
Saunier S, Calado J, Benessy F, Silbermann F, Heilig R, Weis-
senbach J, Antignac C (2000) Characterization of the
NPHP1 locus: mutational mechanism involved in deletions
in familial juvenile nephronophthisis. Am J Hum Genet 66:
778–789
Small K, Iber J, Warren ST (1997) Emerin deletion reveals a
common X-chromosome inversion mediated by inverted re-
peats. Nat Genet 16:96–99
Trask BJ, Massa H, Brand-Arpon V, Chan K, Friedman C,
Nguyen OT, Eichler E, vanden Engh G, Rouquier S, Shizuya
H, Giorgi D (1998) Large multi-chromosomal duplications
encompass many members of the olfactory receptor gene
family in the human genome. HumMol Genet 7:2007–2020
Tyler-Smith C, Floridia G (2000) Many paths to the top of the
mountain: diverse evolutionary solutions to centromere
structure. Cell 102:5–8
Wieczorek D, Krause M, Majewski F, Albrecht B, Meinecke
P, Riess O, Gilessen-Kaesbach G (2000) Unexpected high
frequency of de novo unbalanced translocations in patients
with Wolf-Hirschhorn syndrome (WHS). J Med Genet 37:
798–804
